We present a detailed study on domain imaging, Kerr effect magnetometry (MOKE) and magnetoresistance (MR), for a series of 20 nm Co 73.8 Fe 16.2 B 10 thin films, both as-deposited (amorphous) and annealed (crystalline). By considering the two different (orthogonal) in-plane magnetization components, obtained by MOKE measurements, we were able to study the uniaxial anisotropy induced during CoFeBdeposition and to discriminate the magnetization processes under a magnetic field parallel and perpendicular to such axis. MOKE magnetic imaging enabled us to observe the dominant magnetization processes, namely domain wall motion and moment rotation. These processes were correlated with the behavior of the magnetoresistance, which depends both on short-range spin disorder electron scattering and on the angle between the electrical current and the spontaneous magnetization (M S ). A simple numerical treatment based on Stoner-Wolfarth model enables us to satisfactorily predict the magnetization behaviour observed in these films. A comparison between the results in Co 73.8 Fe 16.2 B 10 films and the previous ones obtained in annealed Co 80 Fe 20 films, show that the introduction of boron in CoFe reduces significatively the coercive and saturation fields along the easy axis (e.g. H c from ∼ 2 down to ∼ 0.5 kAm −1 ). Also, the magnetization along the hard axis saturates at lower fields. We conclude that amorphous and nanocrystalline CoFeB films show low coercive fields and abrupt switching, as well as absence of short range spin disorder effects after switching when compared with Co 80 Fe 20 .
Introduction
Tunnel junctions (TJ) consisting of two ferromagnetic (FM) layers separated by an insulator [1] are strong candidates for leading technological applications such as sensor elements in read heads [2] and non-volatile magnetic random-access memories (MRAMs) [3] . The magnetization of one of the FM layers (pinned layer) is fixed by an underlying antiferromagnetic (AFM) layer, whereas the magnetization of the other FM layer (free layer) reverses almost freely when a small magnetic field is applied. Due to spin dependent electron tunneling one can thus have two distinct resistance (R) states, associated with the magnetizations of the pinned and free layers parallel (low R) or antiparallel (high R). To improve device performance, one continuously aims to achieve higher tunnel magnetoresistance (TMR), better thermal stability and low ferromagnetic coupling (H f ) between pinned and free layers. The use of amorphous CoFeB films in the free and pinned layers of optimized tunnel junctions enabled us to obtain a TMR coefficient as high as 70% [4] , good transport properties upon annealing up to 673 K [5] and coercive and coupling fields as low as ∼ 160 Am −1 [6] .
Here we present a study on the magnetoresistance (MR), Kerr Effect vectorial magnetometry and domain imaging of a series of 20 nm (Co 73. 8 Fe 16.2 )B 10 films, both as-deposited and annealed. A CCD camera with ∼ 10 µm resolution enabled direct domain visualization. X-ray diffraction showed that the annealed films were crystalline, with a strong (110) texture, while the asdeposited CoFeB films were amorphous [6] .
By considering the two different in-plane magnetization (M) components (given by vectorial MOKE magnetometry), we study the M-processes under longitudinal (easy axis) and transverse (hard axis) fields (H). The results are compared with simultaneous MR measurements and magnetic domain visualization. Under transverse fields magnetic rotation processes dominate and lead to good correlation between the behavior of M, MR and domain changes under H. For longitudinal fields the M-processes are mainly due to domain wall displacements (180 • magnetization reversals) and no MR dependence is observed in this case, both for the annealed and amorphous CoFeB films. Thus, the uniaxial anisotropy is responsible for the different magnetization reversal processes observed when the H is applied along the easy or hard axes.
Experimental Details
We studied a series of as-deposited and annealed (10 min. at 553 K) (Co 73.8 Fe 16.2 )B 10 thin rectangular films (4 mm × 4 mm × 20 nm for the as-deposited sample and 3 mm × 14 mm × 20 nm for the annealed sample) grown on glass substrates by ion-beam deposition [6] . A magnetic field of 240 × 10 3 Am −1 was applied along the longitudinal direction during deposition, inducing an easy axis direction in all the studied films. The magnetic properties were investigated at room temperature by Magneto-Optical Kerr effect (MOKE), domain imaging and MR measurements [7] . MOKE hysteretic cycles were obtained using a vectorial MOKE magnetometry unit simultaneously measuring both in-plane magnetization components, allowing us to obtain the technical magnetization vector M(H) in the two common in-plane geometries: the transverse geometry, with H in the film plane and perpendicular to the laser-beam incident plane; and the longitudinal geometry, in which the in-plane field is parallel to the incident plane. A greyscale CCD camera with ∼ 10µm of resolution is used to acquire the magnetic domain images. Each image is saved in a bitmap format with 8 bit of information and is then differentiated with respect to the magnetically saturated image to enhance image contrast. In both systems the sample is located in the center of a pair of Helmholtz coils.
The four probe technique was used for the MR measurements, with the electric current along the long axis of our rectangular films and the in-plane applied magnetic field parallel or at right angles to the electrical current. In ferromagnetic 3d-transition metals the electric resistivity depends on the angle θ between the electrical current and the spontaneous magnetization M S , through the so called anisotropic magnetoresistive effect (Smit mechanism; see [8] ):
where ρ ⊥ (ρ // ) is the resistivity when M is saturated perpendicular (parallel) to the electrical current. A magnetoresistive coefficient (at field H ) is defined as:
For a film with M S always in plane and starting with a random demagnetized state one has ρ(0) = 1 2 ρ // + 1 2 ρ ⊥ . If the film has uniaxial anisotropy (±M S domains) one then simply has ρ(0) = ρ // . The so called anisotropic magnetoresistance ratio (AMR) is given by [8] : 3 Experimental Results
MOKE magnetometry and imaging
The magnetic loops obtained for the Co 73.8 Fe 16.2 B 10 thin films (as-deposited and annealed) are presented in Fig. 1 . The uniaxial anisotropy impressed during film growth is readily apparent, having the easy (hard) axis oriented parallel (perpendicular) to the light scattering plane defined by the incident laser beam and the film normal. The easy direction coincides with the long axis of the rectangular films.
For H parallel to the easy axis we observe, in the as-deposited CoFeB film ( Fig. 1a ), a rectangular hysteretic cycle with a coercive field H c ≃ 477 Am −1 , whereas H c ∼ 955 Am −1 for the annealed film ( Fig. 1e) Comparing these results with those previously obtained in annealed Co 80 Fe 20 films [7] , we notice that the introduction of boron in CoFe (favouring amorphous/nanocrystalline structures; Fig. 2 ) reduces significatively the coercive and saturation fields along the easy axis (H c ∼ 2150 Am −1 and H s ∼ 3980 Am −1 in Co 80 Fe 20 ). Also, the magnetization along the hard axis saturates at lower fields in the CoFeB films (both as-deposited and annealed) than in the annealed CoFe film (H s ∼ 5970 Am −1 ).
The differences observed in the M(H) curves for the two in-plane MOKE geometries (longitudinal and transverse) are a consequence of the two main reversal processes, rotation and domain wall propagation [9] . This was confirmed by visualization of the magnetic domains, as summarized in Figs. 3  and 4 for the as-deposited and annealed CoFeB films respectively (see also sections 5.1 and 5.2). (Fig. 1g) ; (c) External field perpendicular to the easy axis (also parallel to light incident plane); images on the M T (H) behaviour (c1-c3), backward direction (Fig. 1h ).
AMR measurements
The magnetoresistance ∆ρ/ρ vs H curves with H parallel and perpendicular to the electrical current [8] are shown in Fig. 5 . The magnetoresistance is zero when the current and magnetic field are parallel (Figs. 5a, 5c ), and negative for the as-deposited and annealed films when they are perpendicular (∆ρ/ρ ∼ −0.24% and −0.15%; Figs. 5b, 5d ). An AMR ratio of ∼ 0.24% and ∼ 0.15% results from these later data, for the as-deposited and annealed films respectively. For the transverse configuration one can correlate the ∆ρ/ρ(H) behaviour with that observed in M(H), while under parallel magnetic fields no correlation is possible since MR = 0 (see section 6).
Numerical analysis of M(H) behaviour
A simple treatment based on the Stoner-Wolfarth model satisfactorily describes the qualitative behaviour of the magnetization when the orientation of the magnetic field is changed. According to this model, coherent magnetization rotation is assumed. The relevant magnetic energy per unit volume (E) is written as the sum of Zeeman (E z ) and anisotropy (E a ; anisotropy constant k 1 ) energies:
For an applied (in-plane) magnetic field making an angle θ H with the easy axis, and a magnetization making an angle θ with the same axis, one can write: We numerically obtain the θ angle which minimizes E (for each value of H with a fixed θ H orientation) and then calculate the magnetization components M L = M s cos θ and M T = M s sin θ. The results are illustrated in Fig.6 , for θ H ∼ 0 • , 3 • , 87 • and 90 • . The magnetic field is normalized by the anisotropy field H k = 2k 1 /µ 0 M S , where M s is the spontaneous magnetization.
One sees that when H is not exactly parallel or perpendicular to the easy axis (θ H = 0, 90 • ), the magnetization processes become more complex. For small θ H values, i.e. small H deviations from the easy axis, the M L and M T hysteretic cycles are hardly affected, because the small transverse magnetic field component occurs along the hard direction for which the magnetic susceptibility is rather low.
In contrast with this situation, for θ H ∼ 90 • a small field misalignment produces a field component along the easy axis, which induces a significant M L component due to the high magnetic susceptibility along such direction. A more detailed analysis is given in next section.
5 Analysis of M T (H) and M L (H) behaviour
As-deposited CoFeB film
The rectangular easy-axis magnetization curve in Fig. 1a , for the as-deposited CoFeB film, clearly indicates an abrupt magnetization switching, which is directly confirmed by the corresponding domain images in the backward ( When the magnetic field is applied along the hard axis (Fig. 1d ) the growth of the transverse magnetization is quite gradual (almost linear-like), as also revealed by the intensity of the MOKE images (Figs. 3c1→3c6) , indicating the progressive rotation of the magnetization. On the other hand, the M L (H) component (Fig. 1c) indicates that the magnetization undergoes a 360 • rotation in the plane of the film, always in the same sense. This process has two distinct regimes: one leading to a gradual M L (H) dependence associated with domain rotations (∼ 90 • ), and the other producing abrupt steps in the magnetization, attributed to ∼ 180 • domain-wall displacements (switching). As shown in the images in Figs. 3b1→3b3 for the backward branch, initially (high fields) one observes a progressive increase in the image brightness (proportional to M L ), associated with rotation processes, while Figs. 3b4→3b6 evidence abrupt changes in the image intensity (from bright to dark) under small fields, due to the sudden magnetization switching (180 • ). Thus, with H along the hard axis we detect both magnetization reversal processes, with dominance of magnetic domain rotations under high fields, and sudden Mswitching at low fields (domain wall motions).
We show numerically that when the magnetic field is perfectly aligned with the hard axis ( Figs. 6d and 6h ), the expected (Stoner-Wolfarth model) magnetization process from one saturated state to another occurs only by coherent moment rotations, with no sudden M-switching. However, due to an experimentally unavoidable small H -misalignments with the hard axis, and incoherent magnetization processes in real films, the two magnetization processes (domain wall displacements and rotations) are experimentally observed. The discontinuities ("jumps") given by the Stoner-Wolfarth model, when there is a misalignment or when the magnetic field is parallel to the easy-axis (Figs.6a, 6c, 6e and 6g), are physically due to domain wall motions. Fig. 7 . a) Field-derivatives of the M L component shown in Fig.1c for the as-deposited CoFeB film. b) Derivatives of the M T component illustrated in Fig.1g for the annealed CoFeB film.
Annealed CoFeB film
For the applied field along the easy axis, the MOKE results for the annealed CoFeB film reveal again a rectangular magnetization loop (Fig. 1e) . Thus, the single domain magnetization is switched from one direction to the opposite in an extremely small field range, due to 180 • domain-wall formation and fast wall propagation, with no transverse magnetization component (M T ; Fig. 1f ).
With the magnetic field along the hard axis ( Figs. 1g and 1h) , we find again that the magnetization process occurs through domain wall motion (switching at low fields) and magnetic moment rotations. The domain wall displacements are detected by the M L component (Fig. 1g) , through the rapid change in M L (H) within a small field range. The much more gradual M T (H) dependence (Fig. 1h) , and also in some parts of M L (H) (Fig. 1g) , is attributed to domain rotations. Magnetic domain visualization shows a complex pattern (Fig. 4b5) , with nucleation and propagation of magnetic domains through domain walls of reduced wall angle (less than 180 • ), since the variation of intensity between the bright and dark regions is not so strong as previously observed for the as-deposited CoFeB film with H along the hard axis ( Fig. 3b5) . A careful analysis of the M L (H) curve, using the highly sensitive and numerically obtained dM/dH derivatives, shows that such domain wall propagation begins well after the M L maximum ( Fig.7b ; sharp peak in dM L /dH at H ∼ −1430 Am −1 for the backward branch), contrarily to the situation observed in the as-deposited CoFeB sample ( Fig.7a ; dM L /dH peak at H ∼ −795 Am −1 for the backward branch), indicating that some of the magnetic moments leave the easy axis.
Again, a qualitatively good correlation between the numerical results and the experimental ones is observed. As above, due to an small H -misalignments with the hard axis, both reversal processes are present. The discontinuities given by the Stoner-Wolfarth model (Figs.6a, 6c, 6e and 6g ) are real and physically related to domain wall displacements.
AMR versus M(H) behaviour
The magnetoresistance measurements show that ∆ρ/ρ is very sensitive to the type of processes underlying the magnetization reversal.
Under transverse magnetic fields, when magnetization rotation dominates, we have similar saturation magnetic fields in the M(H) and (∆ρ/ρ)(H) curves. In this geometry, for which domain rotations dominate, we indeed expect important variations in the resistivity with magnetic field through the Smit mechanism (Eq. (1)). At low (transverse) fields the longitudinal magnetization component displays a maximum and the magnetoresistance is very small, since the magnetic moments are essentially aligned along the easy axis (θ ≈ 0 or π; M T /M L ≪ 1) and, according to Eq. (1), ρ(H) ∼ ρ // ∼ ρ 0 which leads to ∆ρ/ρ ∼ 0.
